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Abstract. Double-diﬀerential cross-sections d2σ/dΩ dE for isotopically identiﬁed intermediate mass frag-
ments (6Li up to 27Mg) from nuclear reactions induced by 480MeV protons impinging on a silver target
were analyzed in the frame of a two-step model. The ﬁrst step of the reaction was described by the intranu-
clear cascade model INCL4.6 and the second one by four diﬀerent models (ABLA07,GEM2, GEMINI++,
and SMM). The experimental spectra reveal the presence of low-energy, isotropic as well as high-energy,
forward-peaked contributions. The INCL4.6 model oﬀers a possibility to describe the latter contribution
for light intermediate mass fragments by coalescence of the emitted nucleons. The qualitative agreement
of the model predictions with the data was observed but the high-energy tails of the spectra were signif-
icantly overestimated. The shape of the isotropic part of the spectra was reproduced by all four models.
The GEM2 model strongly underestimated the value of the cross-sections for heavier IMF whereas the
SMM and ABLA07 models generally overestimated the data. The best quantitative description of the data
was oﬀered by GEMINI++, however, a discrepancy between the data and the model cross-sections still
remained for almost all reaction products, especially at forward angles. It indicates that non-equilibrium
processes are present which cannot be reproduced by the applied models. The goodness of the data de-
scription was judged quantitatively using two statistical deviation factors, the H-factor and the M -factor,
as a tool for ranking and validation of the theoretical models.
1 Introduction
It is well known for proton-induced reactions that the
qualitative properties of the spectra and angular distri-
butions of the spallation products indicate the presence of
two diﬀerent processes [1–12]. One of them contributes to
low-energy part of the spectra (energy range smaller than
30–50MeV), has evaporative-like character and therefore
produces isotropic angular distributions. Another mech-
anism results in forward-peaked angular distributions, is
associated to pre-equilibrium processes and participates
to a much broader energy range of the ejectiles. The ques-
tion remains: what are the additional reaction mechanisms
responsible for the obvious discrepancies of data and con-
sidered models? The idea behind modeling the physics pic-
ture of the process generally assumes that the protons of
GeV energies induce an intranuclear cascade of two-body
nucleon-nucleon collisions since the average distance be-
a e-mail: ufkamys@cyf-kr.edu.pl
tween nucleons in the nucleus is larger than the dimensions
of the wave packet (∼ 1 fm) representing the impinging
proton. Such a cascade is a non-equilibrium process which
could result in anisotropic emission of fast particles. In
the early models of intranuclear cascade (INC) only nu-
cleons and eventually pions are emitted leaving behind a
residuum of the target in an excited state. In newer models
other processes were introduced to allow for the emission
of particles composed of several nucleons. Recently a new
version of the INC model has been invented, INCL4.6 [13],
which is able to describe the emission of IMF (intermedi-
ate mass fragments, i.e. particles heavier than 4He but
lighter than ﬁssion products) by the process of surface co-
alescence. The model takes into account the ejectiles with
mass number up to A = 12. It was demonstrated [13]
that this model coupled with the ABLA evaporation-
ﬁssion model [14], reproduces well a large set of observ-
ables (total reaction cross-sections, neutron, proton, pion,
and composite double-diﬀerential cross-sections, neutron
multiplicities, residue mass and charge distributions, and
Page 2 of 13 Eur. Phys. J. A (2016) 52: 171
residue recoil velocity distributions) for reactions induced
by protons of a broad range of energies (from 0.2 to 2GeV)
on Fe, Ni, Au and Pb targets. The aim of the present
work is to investigate the quality of the data reproduc-
tion by the INCL4.6 model [13] coupled to four diﬀer-
ent models describing the second stage of the reaction:
ABLA07 [14], GEMINI++ [15, 16], GEM2 [17, 18] and
SMM [19–22] for a silver target which has the mass num-
ber intermediate between those of lighter Fe, Ni on the one
hand and heavier Au, Pb targets on the other hand. The
data of Green et al. [5] have been taken for this purpose
because they contain double-diﬀerential cross-sections
d2σ/dΩ dE measured at several scattering angles between
10◦ and 160◦ (laboratory system) for isotopically iden-
tiﬁed intermediate mass fragments of 10 elements from
Li to Mg: 6,7,8,9Li, 7,9,10,11Be, 8,10,11,12,13B, 11,12,13,14C,
14,15,16,17N, 15,16,17,18,19O, 17,18,19,20,21,22F, 20,21,22,23Ne,
22,23,24,25,26Na, 24,25,26,27Mg. These data were obtained in
experiments in which a silver target was bombarded by a
proton beam of the energy of 480MeV. The experimental
spectra of Green et al. reveal unambiguously a presence
of two components called by the authors “evaporative”
and “non-evaporative” contributions. Such a rich set of
experimental data enables one i) to test whether the co-
alescence mechanism present in the INCL4.6 is able to
reproduce the high-energy “non-evaporative” spectra of
lightest IMF, and ii) to check whether the data for heav-
ier IMF also need an inclusion of such a process.
Results of calculations performed by means of the in-
tranuclear cascade INCL4.6 [13] (“non-evaporative” con-
tribution) coupled to four diﬀerent models of the second
stage of the reaction are presented in sect. 2. They are
compared with experimental cross-sections allowing for a
qualitative judgement on the importance of diﬀerent reac-
tion mechanisms. The quantitative agreement between the
model and experimental cross-sections is also discussed
using the values of two statistical deviation factors (the
H-factor and the M -factor) as a criterion allowing for val-
idation and ranking of the applied models.
Results of the qualitative and quantitative comparison
are summarized in the last section.
2 Analysis of d2σ/dΩdE cross-sections
The theoretical analysis of the data was performed us-
ing the approach of a two-step model. The INCL4.6 com-
puter code of Boudard et al. [13] was used to describe the
ﬁrst step of the reaction. This code which uses the Monte
Carlo method allows for the emission of nucleons and pi-
ons as well as the emission of composite particles with
mass number up to A = 12. However, as it is emphasized
by Boudard et al. [13] the computing time increases ex-
tremely fast with the maximal mass of the emitted cluster
due to increase of the combinatorics of emission of diﬀer-
ent particles. Therefore the authors of INCL4.6 consider
in their paper only composite particles with A < 9. We
followed this procedure and performed the high statis-
tics calculations for composite particles with A < 9. To
check stability of calculations in respect to assumed max-
imal mass of the emitted cluster, sample calculations with
smaller statistics have been also done assuming maximal
cluster mass A < 11. It turned out that the results for
A = 8, i.e. the heaviest cluster in high statistics calcula-
tions are overestimated signiﬁcantly (by a factor ≈ 6–7)
as was pointed out by Boudard et al. However values of
the cross-sections for emission of lighter particles, their
energy and angular distributions are negligibly aﬀected as
is also the case for heavy residual nuclei.
In the second step the de-excitation of the target rem-
nant was calculated by means of four diﬀerent models. It
should be emphasized that diﬀerent mechanisms of the
de-excitation are realized by each of these models.
The generalized evaporation model (GEM2) by Furi-
hata [17, 18] includes sequential evaporation of particles
evaluated according to formalism of Weisskopf and Ew-
ing [23], and it allows for ﬁssion of the excited nucleus in
accordance with Atchison’s [24] ﬁssion model.
The ABLA07 statistical model [14] describes the de-
excitation process of the thermalised nucleus in terms of
particle evaporation, nuclear multifragmentation and ﬁs-
sion. If the excitation energy per nucleon of the nucleus
exceeds a limiting value (default 4.2MeV/nucleon) then
the simultaneous break-up of the nucleus appears. For
smaller excitation energies the de-excitation of the nucleus
proceeds through sequential evaporation and/or ﬁssion.
The same processes are taken into account by the SMM
model [19–22], however, with diﬀerent prescriptions to in-
corporate them into the calculations. SMM assumes that
the de-excitation process proceeds in two steps. In the ﬁrst
step, the equilibrated excited target’s remnant expands
within a ﬁxed freeze-out volume, which is deﬁned as a vol-
ume in which the nuclear interaction between fragments
vanishes and the fragments experience only the mutual
Coulomb ﬁeld. Then the nucleus breaks up into nucle-
ons and hot fragments. All break-up channels allowed by
conservation laws are taken into consideration. The for-
mation of the compound nucleus and its de-excitation via
evaporation or ﬁssion processes is considered as one of the
possible channels. Thus the transition from evaporation at
low excitation energies to fragmentation at high energies
is decided on the basis of the available phase space.
The GEMINI++ model was developed by Charity [15,
16] to describe the nuclear de-excitation as a series of se-
quential binary decays (no multi-fragmentation allowed
strictly). It uses diﬀerent formalisms: 1) the Hauser-Fesh-
bach formalism [25] for very asymmetric decays, i.e., for
emission of neutrons, light charged particles and light in-
termediate mass fragments, 2) the Bohr-Wheeler formal-
ism [26] for symmetric ﬁssion of very heavy systems and
3) the Moretto generalized transition-state formalism [27]
for other decays.
Parameters of all the models were ﬁxed during the cal-
culations at values proposed by authors of the models and
no attempt was undertaken to adjust them for better de-
scription of the data. This enabled us to judge qualita-
tively the predictive power of the models. Furthermore, it
allows to make the validation and ranking of the models.
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In the ﬁrst step of the analysis the qualitative agreement of
the experimental and theoretical cross-sections was taken
into consideration.
The representative data (dots) and theoretical cross-
sections (lines) determined at four laboratory angles (20,
60, 90, and 120 degrees) are presented in ﬁgs. 1–5. For
IMF with mass number not larger than A = 8 the sums of
the INCL4.6 cross-sections and the cross-sections of cor-
responding four models of the second stage of the reaction
are shown. For heavier ejectiles only results of the models
describing the second step of the reaction are depicted.
The presence of the exponential tail of the spectra, ex-
tended to high energies is clearly seen for all scattering
angles of the Li and Be data presented in ﬁg. 1. This ef-
fect is also pronounced at forward hemisphere of scattering
angles for B as well as for angles 20◦ and 60◦ for C cross-
sections as shown in ﬁg. 2. In the case of boron and carbon
ejectiles the theoretical coalescence contribution is absent
because all these IMF have mass number larger than eight:
A > 8. The strong underestimation of high-energy data by
the model calculations calls for the need of an inclusion
of some additional non-equilibrium, high-energy contribu-
tion. The situation becomes more complicated for IMF
with Z ≥ 7 as is discussed below.
It should be pointed out that the coalescence contri-
bution evaluated by means of the INCL4.6 does not prop-
erly reproduce the experimental spectra of light IMF, i.e.
6,7,8Li and 7Be. The exponential tail of theoretical spectra
is always too ﬂat what leads to an overestimation of data
at energies larger than ∼ 80MeV for 6,7Li and 7Be and at
all energies for 8Li.
In case of elements with Z ≥ 7 the theoretical spectra
evaluated by models of the second stage of the reaction
reproduce reasonably well the shape of the experimental
spectra. It should be, however, noticed that the agreement
between the data and model cross-sections varies from an-
gle to angle. This means that the experimental angular
distributions are not isotropic as it is predicted by the
theoretical models based on the assumption of the equili-
bration of the excited nucleus emitting the IMF. Therefore
also the non-equilibrium contribution cannot be neglected
for IMF with Z ≥ 7.
The cross-sections evaluated by the GEM2 model al-
ways signiﬁcantly underestimate the data. The diﬀerence
becomes so large (more than two orders of magnitude) for
20,21F, 23Ne as well as for all isotopes of Na and Mg that
the theoretical cross-sections of this model are not shown
in ﬁgs. 4 and 5, respectively. In conclusion, one can state
that GEM2 cannot be used for a reasonable description
of the data discussed in the present work. On the con-
trary, the GEMINI++ model gives the best agreement for
spectra of N, O, F, Ne, Na and Mg isotopes presented in
ﬁgs. 3–5. This agreement is nevertheless not satisfactory
for forward scattering angles of all N, O, F isotopes as well
as of 21Ne-23Ne, 24Na-25Na isotopes (cf. ﬁgs. 3, 4 and 5).
There the experimental spectra are underestimated. This
may point to the presence of some contribution in the data
from the non-equilibrium processes which is expected to
be the largest for small scattering angles.
The ABLA07 and SMM spectra for F, Ne, Na and Mg
isotopes overestimate the data. The agreement improves
for forward scattering angles. At these angles a contribu-
tion of non-equilibrium processes may be present. There-
fore the data which may contain contributions from equi-
librium and non-equilibrium processes agree apparently
with model cross-sections of ABLA07 and SMM which
produce too large cross-sections. In the case of GEM-
INI++ the underestimation of data at forward angles can
be explained in the same context, i.e., by the presence
in the data the non-equilibrium contribution mentioned
above. Thus it shows that the GEMINI++ gives the best
estimation of the equilibrium processes.
Besides the qualitative comparison of the data and
model calculations the following procedure of quantita-
tive analysis has been applied: First, the statistical fac-
tors which are proposed in the literature for quantitative
judgement of the agreement of the data and theoretical
cross-sections were calculated. The results allowed us to
validate the models, i.e. to state whether the description
of the data is satisfactory. Then this condition has been re-
laxed and only the relative quality of the data description
has been studied to obtain a ranking of the applied models.
In the literature, many statistical tests were proposed
and used to judge the data description by diﬀerent mod-
els [28]. All tests calculate the deviation factors which
quantitatively determine the magnitude of the diﬀerence
between the measured and theoretical cross-sections. This
diﬀerence is usually weighted by the experimental errors or
by the experimental cross-sections theirselves. To validate
the model one has to know the value of the deviation fac-
tors which corresponds to the perfect agreement between
the model and experimental cross-sections. Since the data
are always aﬀected by statistical errors, the perfect agree-
ment has to be understood as the equality of expectation
values of the data with the model cross-sections. If the the-
oretical cross-sections are calculated by the Monte Carlo
method one has to take also into consideration the statis-
tical spread of theoretical values [29].
In the present study we use two deviation factors, the
H-factor [28] and the M -factor [29], which for a large num-
ber of cross-sections (i.e. asymptotically) behave like the
normal random variables with known expectation values
and standard deviations:
H ≡
[
1
N
N∑
i=1
(
σexpi − σcali
Δi
)2]1/2
, (1)
M ≡ 1
N
N∑
i=1
∣∣∣∣σ
exp
i − σcali
Δi
∣∣∣∣ , (2)
Δi ≡
√
(Δσexpi )
2 +
(
Δσcali
)2
,
where σexpi , Δσ
exp
i , and σ
cal
i , Δσ
cal
i are the i-th experimen-
tal cross-section, its error and the corresponding model
(“calculated”) cross-section and its error, respectively.
Subtracting the expectation value of each deviation
factor and dividing the result by its standard deviation one
obtains the standardized normal random variable which
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Fig. 1. Experimental (dots) and theoretical (lines) spectra for isotopes of Li (upper four panels) and Be (lower four panels)
emitted at four diﬀerent angles: 20, 60, 90, and 120 degrees (columns from left to right). The lines: solid (red), dashed (green),
dash-dotted (blue) and dotted (yellow) correspond to SMM, ABLA07, GEMINI++ and GEM2, respectively.
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Fig. 2. Experimental (dots) and theoretical (lines) spectra for isotopes of B (upper four panels) and C (lower four panels)
emitted at four diﬀerent angles: 20, 60, 90, and 120 degrees (columns from left to right). The lines: solid (red), dashed (green),
dash-dotted (blue) and dotted (yellow) correspond to SMM, ABLA07, GEMINI++ and GEM2, respectively.
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Fig. 3. Experimental (dots) and theoretical (lines) spectra for isotopes of N (upper four panels) and O (lower four panels)
emitted at four diﬀerent angles: 20, 60, 90, and 120 degrees (columns from left to right). The lines: solid (red), dashed (green),
dash-dotted (blue) and dotted (yellow) correspond to SMM, ABLA07, GEMINI++ and GEM2, respectively.
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Fig. 4. Experimental (dots) and theoretical (lines) spectra for isotopes of F (upper four panels) and Ne (lower four panels)
emitted at four diﬀerent angles: 20, 60, 90, and 120 degrees (columns from left to right). The lines: solid (red), dashed (green),
dash-dotted (blue) and dotted (yellow) correspond to SMM, ABLA07, GEMINI++ and GEM2, respectively.
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Fig. 5. Experimental (dots) and theoretical (lines) spectra for isotopes of Na (upper four panels) and Mg (lower four panels)
emitted at four diﬀerent angles: 20, 60, 90, and 120 degrees (columns from left to right). The lines: solid (red), dashed (green),
dash-dotted (blue) and dotted (yellow) correspond to SMM, ABLA07, GEMINI++ and GEM2, respectively.
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has the expectation value equal to zero and the standard
deviation equal to unity. Values of the normal random
variable are concentrated with probability 0.9973 inside
the range of three standard deviations around its expec-
tation value. Therefore in the case of perfect agreement of
the calculated and experimental cross-sections, i.e., when
the model can be validated, absolute values of the stan-
dardized H and M deviation factors should be almost
certainly smaller than 3.0.
The standardized values of the H- and M -factors were
evaluated for all data shown in ﬁgs. 1–5 and for four theo-
retical models discussed above. These values are depicted
in ﬁg. 6 where four upper panels represent the H devi-
ation factor and four lower panels correspond to the M
deviation factor. Each of these four panels contains the
deviation factors calculated by means of diﬀerent theoret-
ical models: GEMINI++,GEM2, ABLA07 and SMM in
clockwise direction. Calculations for diﬀerent elements are
presented by diﬀerent symbols and isotopes of the same
element are connected by solid lines. The dashed (yellow)
area represents H and M values smaller than 3.0, i.e., it
corresponds to the perfect agreement between the experi-
mental and calculated cross-sections.
The factors decrease in average with the mass of ejec-
tile what may be explained by the fact that the cross-
sections for lighter ejectiles are signiﬁcantly larger than
those for heavier ones thus the corresponding relative sta-
tistical errors in formulae (1) and (2) are smaller. The
GEM2 model produces larger deviation factors for light
IMF than the other models. The H and M deviation fac-
tors evaluated with GEM2 cross-sections are not shown in
ﬁg. 6 for IMF with mass larger than 22. This is because
the cross-sections calculated by GEM2 for heavy IMF are
signiﬁcantly smaller than the data (and therefore with
large statistical error of Monte Carlo calculations). Such
a model mass dependence of the yield is in quantitative
as well as qualitative disagreement with that of the data.
The monotonic decrease of the H- and M -factors with
mass of isotopes of each element of heavy IMF is clearly
visible. Their values for light isotopes are signiﬁcantly out
of the range of validation of the models but they almost
approach it for the heaviest isotopes. This mass depen-
dence may be traced to systematic overestimation of the
data by ABLA07 and SMM for lightest isotopes of each
element.
The deviation factors evaluated with GEMINI++ do
not show such monotonic behavior, what may be caused
by diﬀerent physical picture of the de-excitation of the
target residuum by GEMINI++ (sequential emission of
IMF) than that oﬀered by ABLA07 and SMM (simulta-
neous multifragmentation).
Values of the deviation factors for GEMINI++ are the
smallest among all four models. They approach the vali-
dation region (yellow band in ﬁg. 6) for Ne, Na and Mg
isotopes. Thus, the quantitative investigation of the qual-
ity of data reproduction seems to support conclusions from
the qualitative considerations.
The quantitative analysis shows that only the data for
heaviest products, i.e. isotopes of Ne, Na and Mg are sat-
isfactorily well reproduced by theoretical models with the
GEMINI++ being superior in respect to other models.
The ABLA07 and SMM models seem to produce an equiv-
alent description of the data whereas the GEM2 the worst
one. The deviation factors do not discriminate automati-
cally the GEM2 model, however, its predictions concern-
ing the mass dependence of the yield of IMF are in qual-
itative disagreement with the data. This indicates that
the physical conclusions cannot exclusively rely on the ex-
amination of the deviation factors even if they grant the
objective measure of the agreement between the data and
cross-sections as calculated by the models.
In the following step of the analysis the ranking of the
description of the data by the studied models was per-
formed. It was done taking into account the fact that the
“perfect” agreement was achieved only for small set of
the products —the heaviest IMF. The ranking was based
on values of the deviations factors —separately for the H-
factor and the M -factor. In the case when diﬀerent models
produced the same values of the deviation factors in the
limits of errors the tied rank was calculated as the average
of individual ranks. Results of the analysis are presented in
table 1. As can be seen the ranks of the models estimated
from the H-factor and M -factor are practically identical
with only few exceptions. On the other hand ranks of dif-
ferent models vary from ejectile to ejectile. To assure some
general ranking the sum of ranks of each model for diﬀer-
ent reaction products has been calculated and is shown at
the bottom of the table.
As can be seen the sum of ranks is the smallest
for GEMINI++. It is about 10%, 25% and 70% larger
for SMM, ABLA07 and GEM2, respectively. This result
is in agreement with the conclusions which state that
the GEMINI++ oﬀers the best description, SMM and
ABLA07 give almost the same results, slightly poorer than
GEMINI++, and GEM2 description is the worst.
3 Summary
The double-diﬀerential cross-sections d2σ/dΩ dE mea-
sured by Green et al. [5] for isotopes of ten elements (from
Li to Mg) emitted from p + Ag collisions at a proton
beam energy of 480MeV were analyzed using a micro-
scopic two-step model. The ﬁrst step of the reaction was
described by the intranuclear cascade model INCL4.6 [13]
and the second step by four models (ABLA07 [14], GEM-
INI++ [15, 16], GEM2 [17, 18] and SMM [19–22]) which
realize diﬀerent scenarios of the de-excitation of the equili-
brated target remnant. The quality of agreement between
the data and model cross-sections was judged on the ba-
sis of values of two deviation factors: the H-factor [28]
and the M -factor [29]. It was found that the best, i.e.,
the smallest values of these factors were obtained by the
GEMINI++ model for the heaviest ejectiles. The abso-
lute value of standardized H- and M -factors was in this
case small enough to claim that GEMINI++ is validated.
However for light IMF the absolute values of the deviation
factors were very large for all models. Thus none of them
may be fully validated for all the reaction products.
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Fig. 6. Standardized values of the H-factor (four upper panels) and of the M -factor (four lower panels) for all intermediate
mass fragments presented as a function of their mass number. Values of the H- and M -factors evaluated for diﬀerent isotopes of
the same element are depicted by the same symbols and are connected by solid lines. Individual panels of the ﬁgure correspond
to intranuclear cascade calculations performed with the INCL4.6 model coupled to four diﬀerent models describing the second
stage of the reaction (GEMINI++, GEM2, ABLA07, and SMM in clockwise direction).
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Table 1. Ranks of various model predictions for IMF spectra from p + Ag collisions at 480MeV [5] according to the values of
standardized H and M deviation factors taking into account both experimental and Monte Carlo uncertainties.
Standardized H Standardized M
Ejectile ABLA GEM2 GEMINI SMM ABLA GEM2 GEMINI SMM
6Li 3 4 2 1 3 4 2 1
7Li 3 4 2 1 3 4 2 1
8Li 2.5 1 2.5 4 2 1 3 4
9Li 4 1 3 2 3 1 4 2
7Be 4 3 2 1 4 3 2 1
9Be 3 4 2 1 3 4 2 1
10Be 2 4 3 1 2 4 3 1
11Be 1 2 3 4 1 3 2 4
8B 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
10B 2 4 3 1 2 4 3 1
11B 2 4 3 1 2 4 3 1
12B 2 4 3 1 2 4 3 1
13B 2.5 1 2.5 4 2.5 1 2.5 4
11C 2 3 4 1 2 4 3 1
12C 3 4 2 1 2 4 3 1
13C 1 4 3 2 1 4 3 2
14C 1 4 3 2 1 4 3 2
14N 4 2 1 3 4 3 1 2
15N 2 4 3 1 1 4 3 1
16N 1 4 2 3 1 4 2 3
17N 2 4 1 3 1.5 3.5 1.5 3.5
15O 4 2 1 3 4 2 1 3
16O 4 3 1 2 3.5 3.5 1.5 1.5
17O 1 4 2 3 1 4 2 3
18O 1 4 3 2 1 4 2.5 2.5
19O 1.5 4 3 1.5 1.5 3.5 3.5 1.5
18F 3 2 1 4 3 2 1 4
19F 2.5 4 1 2.5 2 4 1 3
20F 3 4 2 1 1.5 4 3 1
21F 3 4 2 1 4 2 1 3
20Ne 3 4 1 2 4 2 1 3
21Ne 3 2 1 4 4 2 1 3
22Ne 4 2 1 3 4 2 1 3
23Ne 1.5 4 3 1.5 1 4 3 2
22Na 2 4 1 3 2 4 1 3
23Na 2 4 1 3 2 4 1 3
24Na 2 4 1 3 2 4 1 3
25Na 3 4 1 2 3 4 1 2
26Na 3 4 1.5 1.5 3 4 1.5 1.5
24Mg 3 4 1 2 3 4 1 2
25Mg 2 4 1 3 2 4 1 3
26Mg 3 4 1 2 3 4 1 2
27Mg 3 4 1 2 3 4 1 2
Sum
of ranks 107 146.5 84.0 92.5 103.5 145 85.5 96
Final
rank 3 4 1 2 3 4 1 2
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In the next step of the analysis a ranking of the mod-
els was done on basis of the relative values of deviation
factors obtained for diﬀerent models. It turned out that
the sum of ranks over all observed reaction products was
the smallest for GEMINI++. The SMM and ABLA07
models had 10% and 25% larger sum of ranks, respec-
tively, whereas the GEM2 model got 70% larger sum of
ranks. This indicates that the physical assumptions of the
GEM2 model are not well fulﬁlled, i.e., the evaporation
of particles from the equilibrated remnant of the target
is not the only process of its de-excitation. The ABLA07
and SMM allow also for simultaneous multifragmenta-
tion of the excited nucleus whereas GEMINI++ treats
multifragmentation as a sequential emission of particles
traversing the speciﬁc barrier.
The inspection of ﬁgs. 1–5 allows to observe a system-
atic deviation of the model predictions from the data. It is
largest for light IMF and decreases with their mass num-
ber being however visible for almost all ejectiles at forward
scattering angles. Such a qualitative behavior is charac-
teristic for non-equilibrium processes. The authors of the
INCL4.6 tried to describe them assuming the surface coa-
lescence of the target nucleons together with the nucleons
escaping from the intranuclear cascade for IMF with the
mass number A < 9 [13]. The present analysis shows that
this model is not able to reproduce the observed eﬀects
for 6,7,8Li and 7Be. The slope of the theoretical spectra is
too small what results in the overestimation of the high-
energy tail of the experimental spectra.
It may be conjectured that the contribution of non-
equilibrium processes should be added incoherently with
that of equilibrium ones. Therefore the theoretical cross-
sections of the equilibrium processes should be not larger
than the experimental data. In the present analysis this
condition is fulﬁlled only by GEM2 and GEMINI++
models. Since the GEM2 cross-sections are unrealistically
small, the GEMINI++ model oﬀers the only acceptable
description of the equilibrium processes for the studied
nuclear system. The contribution of non-equilibrium pro-
cesses is necessary for the satisfactory reproduction of all
the studied data with the exception of the heaviest IMF
where the GEMINI++ describes well the experimental
cross-sections.
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